INTRODUCTION
The concept that immature endothelial progenitor cells (EPCs) circulate in the adult blood and participate in postnatal angiogenesis or vascular repair was proposed by Asahara et al. [1] . This idea was met with great enthusiasm because it suggested that EPCs could be derived from peripheral blood and used as a novel therapy in patients with vascular disease, thus resulting in over 4000 publications during the past 15 years. The original paper by Asahara et al. [1] defined EPCs as mononuclear blood cells (MNCs) isolated from peripheral blood that were cultured in the presence of growth factors, and were positive for the cell surface markers such as CD34 or FLK1. Numerous subsequent studies used variations of this approach and confirmed the endothelial phenotype of peripheral blood EPCs by demonstrating that these cells were able to take up acetylated LDL (acLDL) and express the endothelial surface adhesion molecule platelet endothelial cell adhesion molecule-1 (PECAM-1) or CD31, and that they were indeed proangiogenic in a variety of ischemia models. The underlying hypothesis was that transplanted EPCs could regenerate the vasculature or promote blood vessel growth by providing proliferative endothelial cells. However, analysis of such EPCs derived from adult human peripheral blood revealed that the vast majority of cells previously deemed as 'EPCs' were minimally proliferative cells derived from a myeloid-monocytic lineage [2] . This suggested that circulating monocytic 'EPCs' did not promote vascular repair or angiogenesis by supplying new endothelial cells, but probably activated resident endothelial cells by releasing paracrine factors such as vascular endothelial growth factor or hepatocyte growth factor [2] .
The definition of what constitutes an EPC remains controversial, as monocytic-myeloid cells can transiently express cell surface markers typically found on endothelial cells, and thus mimic an endothelial phenotype without necessarily meeting other criteria that define a progenitor cell, such as the ability of a single progenitor cell to give rise to a proliferative colony of cells. Many studies have attempted to identify cell surface markers that are unique to EPCs and distinguish them from mature adult endothelial cells as well as from myeloidmonocytic cells, but these attempts have met little success. In the effort to solve this problem, Yoder et al. [3] proposed to redefine EPCs by clonal analysis instead of cell surface antigen expression. They identified a very rare population of highly proliferative colony forming endothelial cells in preparations of cultured peripheral blood mononuclear cells (less than 0.0001% of the MNCs), which were indeed able to give rise to clonal colonies after 14 days of culture, and referred to this population as 'endothelial colony-forming cells' (ECFCs). Even though such ECFCs behave like true progenitor cells and do not express myeloid or monocytic markers, it is unclear whether they play any significant role in physiological vascular repair and angiogenesis in the adult because of their rarity. Furthermore, efforts to identify characteristic cell surface markers for ECFCs have not yet been successful.
The controversy regarding the nature of circulating EPCs has resulted in a gradual shift in the field of EPC research and vascular repair. There is a growing realization that resident endothelial cells may be more critical for vascular repair than circulating 'EPCs'. The supply of de-novo endothelial cells as building blocks for vascular growth and repair may require the differentiation of endothelial cells from pluripotent stem cells or the transdifferentiation of fibroblasts into endothelial cells. The current review will highlight recent research in three areas: contribution of resident endothelial cells to vascular repair ( Fig. 1a ), differentiation and transdifferentiation into EPCs (Fig. 1b) , and novel paracrine mechanisms by which EPCs may promote angiogenesis and repair ( Fig. 1c ).
CONTRIBUTION OF PROLIFERATIVE RESIDENT ENDOTHELIAL CELLS TO VASCULAR REPAIR
There is a growing body of literature that indicates that there is minimal or no long-term engraftment of circulating EPCs into blood vessels undergoing repair after injury. Instead, proliferative resident endothelial cells or EPCs provide the endothelial cells necessary to replenish the injured endothelium ( Fig. 1a ). Recently, Hagensen et al. [4 & ] compared the relative contribution of circulating cells and resident cells to vascular repair and concluded that resident arterial endothelial cells primarily contribute to arterial endothelial regeneration. In this study, wire-injured carotid artery segments from wild-type mice were transplanted into Tie2-GFP mice, in which both mature arterial endothelial cells and circulating EPCs expressed green fluoresecent protein (GFP). The study demonstrated that the neoendothelium was negative for GFP, thus indicating that the regenerative endothelial cells were derived from adjacent endothelial cells contained within the transplanted arterial segment, and not from circulating GFP-positive EPCs. This principle of resident tissue endothelial cells being the primary driver of vascular repair not only applies to endothelial cells in large vessels. Wang et al. [5] were able to show that resident liver sinusoidal endothelial cells/EPCs were the main source for providing neoendothelium during physiologic endothelial turnover of liver sinusoidal endothelial cells in adult rats.
It is likely that tissue-resident endothelial cells/ EPCs are not homogenous and probably represent a hierarchy of endothelial cells with varying degrees of proliferative and regenerative potential, but the specific markers for the most regenerative endothelial cells still remain to be identified. Fang et al. [6] isolated a small population of c-kit positive endothelial cells (c-kitþLinÀCD31þCD105þ cells) from adult mouse lung that can form highly proliferative colonies. They showed that those cells had long-term self-renewal capacity, a defining functional feature of adult stem and progenitor cells. Thus, Fang et al. designated those cells as vascular endothelial stem cells (VESCs), although they offered little evidence for the pluripotency of the cells. They further showed that a single c-kit VESC could generate perfused functional vessels in vivo in mice. Conversely, c-kit deficient mice had impaired blood vessel formation as evidenced from impaired tumor angiogenesis and retardation of tumor growth in those mice. Whether c-kit(þ) endothelial cells are both necessary and sufficient for endothelial repair, and whether this principle can be extrapolated to other organs and even human tissues still needs to be determined.
KEY POINTS
EPCs that reside within the tissue may be more important for vascular regeneration than circulating EPCs.
Transdifferentiation of fibroblasts and vascular differentiation of pluripotent stem cells provide EPCs necessary for regeneration.
Circulating EPCs may not directly contribute to the neovasculature but can enhance regeneration by releasing microparticles and exosomes. It is still not clear whether activation of quiescent tissue-resident endothelial cells to re-enter the cell cycle and regenerate the vasculature always requires a de-differentiation step to a less mature EPC state. It has been reported [7 & ] that endothelial cells from different organs exhibit a unique, vascular-bed specific expression pattern for angiocrine factors (growth factors or cytokines/chemokines released by the endothelium) and transcription factors that regulate endothelial proliferation, further underscoring that regenerative signals for endothelial cells are not universal but tissuespecific. For example, Ding et al. [8] reported that CXCR7-Id1 was a proregenerative angiocrine signal in response to liver sinusoidal endothelial cell injury. Interestingly, they found that the relative recruitment of CXCR7-Id1 versus FGFR1-CXCR4 affected the balance between endothelial regeneration and fibrosis in hepatic regeneration. Apart from angiocrine factors, transcription factors regulating endothelial proliferation are also key determinants of vascular repair. Our group [9] has shown that a population of lung endothelial cells enter the cell cycle and may de-differentiate into an immature EPC state after endotoxin-induced microvascular injury. Lung endothelial cells fail to proliferate and promote regeneration after vascular injury in mice deficient for the transcription factor FoxM1, thus indicating its importance for regeneration of the lung endothelium.
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DIFFERENTIATION AND TRANSDIFFERENTIATION INTO ENDOTHELIAL PROGENITOR CELLS
Vascular repair can also be augmented by supplying exogenous proliferative endothelial cells/EPCs that are derived from pluripotent stem cells such as embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs). These are especially attractive for therapeutic repair because iPSCs can be derived from any given individual's own fibroblasts (Fig. 1b) . The generation of iPSCs from fibroblasts was first reported by Takahashi et al. [10] . They showed that adult fibroblasts could be reprogrammed into an ESC-like state by transfecting with four pluripotency transcription factors or 'Yamanaka factors': Oct3/4, Sox2, c-Myc, and Klf4. Schenke-Layland et al. [11] successfully derived human endothelial cells/EPCs from iPSCs, and Yamamoto et al. [12] reported that human iPSC-derived Flk-1þ EPCs can contribute to re-endothelialization in a mouse femoral artery steel wire injury model. In this study, iPSC-derived Flk-1þ EPCs were recruited to the injured site and the cell recruitment was augmented by application of the chemokine stromal cell-derived factor-1a.
One of the key limitations of deriving EPCs from iPSCs is that it requires 4-8 weeks to generate iPSCs, which then have to be tested for their degree of pluripotency and any genetic or epigenetic abnormalities that may have been generated during the reprogramming process. The iPSCs are subsequently differentiated into EPCs and any cells with residual pluripotency have to be carefully removed as they have the potential for giving rise to teratomas. Thus, there is a growing interest in the direct reprogramming or transdifferentiation of fibroblasts into proliferative endothelial cells/EPCs without inducing pluripotency. Multiple studies have recently been able to successfully reprogram fibroblasts into cells that exhibit an endothelial phenotype. Kurian et al.
[13 && ] used a short-term expression of pluripotency factors but avoided the induction of full pluripotency, and instead induced endothelial differentiation by exposing partially reprogrammed cells to vascular growth factors. This approach generated cells that expressed selected endothelial surface markers and were able to form blood vessels in vitro and in vivo. Using a modification of the approach in which cells were transduced with only two instead of four pluripotency transcription factors, Li et al. [14] also showed that endothelial-like cells could be generated from human fibroblasts. 8-Br-cAMP and the transforming growth factor (TGF)b inhibitor SB431542 were added to increase differentiation efficiency and this also increased the expansion potential of the generated cells. Importantly, in this study, transplantation of the induced endothelial cells showed therapeutic benefits in an experimental peripheral ischemia mouse model: capillary density and blood perfusion were significantly increased in ischemic limbs and immunostaining showed that transplanted human-induced endothelial cells engrafted into murine vessels.
Other cell types apart from fibroblasts have also been utilized in the induction of endothelial cells. Ginsberg et al. [15] directly reprogrammed human amniotic cells into endothelial cells by expressing the vascular developmental transcription factors of the ETS family and concomitantly suppressing TGFb signaling. Compared with endothelial cells derived from human embryonic stem cells (hESCs), the induced endothelial cells were more proliferative. More importantly, they stably expressed mature endothelial cell markers after maintaining the cells in culture for multiple passages, whereas hESCderived EPCs lost mature endothelial cell makers and instead expressed smooth muscle marker smooth muscle a-actin. In a mouse partial hepatectomy model, the induced endothelial cells were able to engraft and form functional vasculature for up to 3 months.
NOVEL PARACRINE MECHANISMS BY WHICH ENDOTHELIAL PROGENITOR CELLS MAY PROMOTE ANGIOGENESIS AND REPAIR
It is now thought that the primary mode of contribution to vascular repair by circulating EPCs/endothelial cells is via the release of paracrine factors. This may explain the therapeutic benefits of transplanted circulating EPCs despite the fact that they do not engraft into the vasculature (Fig. 1c ). Recent studies have identified novel paracrine mechanisms by which circulating cells may contribute to vascular repair. Baker et al. [16] showed that EPC paracrine factors promoted proliferation and angiogenesis of fetal pulmonary artery endothelial cell (PAEC) and alveolar type 2 epithelial cell in vitro. They also showed that the recovery of bleomycin-induced bronchopulmonary dysplasia in newborn rats benefited from intravenous injection of EPC conditioned medium.
Recently, another mode of paracrine action has been drawing attention: endothelial cell-derived microparticles (EMPs) or microvesicles. EMPs can induce endothelial regeneration by promoting proliferation of mature endothelial cells [17] . EMPs are small membrane fragments released from activated or apoptotic endothelial cells after injury and contain DNA, RNA or microRNA, which in turn are taken up by target cells, where they can activate an angiogenic program [18] . Cantaluppi et al. [19] reported that injected EMPs mitigate acute kidney injury in rats by enhancing tubular cell proliferation and decreasing apoptosis. Notably, the EMP protective effect was reduced by RNase or microRNA depletion in EPCs, indicating that RNA and micro-RNA in EMPs were important for the vascular repair. Furthermore, Jansen et al. [20 & ] showed that injected EMPs accelerated endothelial repair after electric endothelial denudation of carotid artery in mouse. More importantly, by performing TaqMan micro-RNA array analysis of 384 microRNAs, Jansen et al. found that microRNA-126 contained in EMPs played critical roles in regulating endothelial cell migration, proliferation and regeneration process through inhibiting SPRED1 and promoting Ras/ MAPK signaling.
CONCLUSION
Recent studies suggest that tissue-resident endothelial cells and EPCs are the key source of endothelial cells for vascular repair. Mechanisms that trigger the regeneration process of resident endothelial cells and EPCs are still under investigation. As endothelial cells from distinct organs exhibit a significant degree of heterogeneity in terms of their gene expression profile and phenotype, it is likely that the mechanisms underlying endothelial activation and repair are tissue-specific. If the regenerative capacity of the resident endothelium is exhausted, supply of exogenous endothelial cells/EPCs derived from ESCs, iPSCs or converted fibroblasts can help provide the necessary building blocks for vascular repair. The therapeutic potential for resident endothelial cells/EPCs or exogenous endothelial cells/EPCs will depend on a better understanding of the tissue-specific mechanisms of endothelial regeneration.
